Abstract. Recent studies have found that viral myocarditis (VMC) associated with coxsackievirus B3 (CVB3) causes autophagy activation after infection, but the specific mechanism is not clear. The present study demonstrated that the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (PKB)/mammalian target of rapamycin (mTOR) signaling pathway participates in CVB3-induced autophagy. We found that the light chain 3 (LC3)-Ⅱ/LC3-I ratio was increased and p62 and p-mTOR were altered at different times during CVB3 infection. To further assess the effects of this signaling pathway on CVB3 infection and viral replication, we selected 24 h post-inoculation (h.p.i.) as our research time point to conduct our next study. We inhibited the function of PI3K, Akt1 and mTOR. The outcome showed that inhibition of PI3K with ZSTK474 alleviated autophagy and decreased CVB3 mRNA replication and VP1 expression. Inhibition of mTOR with rapamycin promoted autophagy and viral mRNA replication but did not impact VP1 expression. Inhibition of Akt with MK2206 aggravated autophagy induced by viral infection. In our research, p62 exhibited a decrease at the beginning of infection but then increased as infection time increased. This finding may serve as a clue to elucidate the function of autophagy at different times of infection. However, the details merit further study. In conclusion, our findings suggest that the PI3K/Akt/mTOR signaling pathway participates in the process of autophagy induced by CVB3 infection. This finding may provide a new perspective of CVB3-induced autophagy.
Introduction
Viral myocarditis (VMC) is defined as inflammation of the heart muscles. It is a common illness that can lead to severe consequences even death in infants and young adults (1, 2) . In a recent multicenter analysis of 624 patients with histologically confirmed myocarditis, the presence of various viral genomes was confirmed in 239 biopsy samples (38%) (3) . Among the identified viral genomes, adenovirus, enterovirus and cytomegalovirus were the most common groups. In particular, coxsackievirus B is consistently among the most common. Coxsackieviruses are members of the Picornaviridae family, enterovirus genus. Coxsackievirus B, particularly coxsackievirus B3 (CVB3), has been recognized as the most common cause of VMC associated with heart failure in infants, children and young adults (4) . CVB3 infects cells via the coxsackievirus and adenovirus receptor (CAR). The entering of CVB3 induces a direct cytopathic effect (CPE) and even cell death in host cells. It also provokes an immune response. Both of these effects play an important role in the pathogenesis of VMC (1, 5) . The immune response has a double effect on host cells, and the balance between these positive and negative effects may ultimately determine the course of disease after CVB3 infection (1, 6) . To date, several pathogenic mechanisms causing tissue injury and fibrosis have been unraveled in CVB3 infection, including direct CVB3-induced damage to the heart tissue, host-cell inflammatory responses to the viral infection or a mixture of these two, which may synergistically promote cardiotoxicity. CVB3-induced acute myocarditis is most likely the consequence of direct virus-induced myocyte damage followed by the host inflammatory response that is associated with persistent CVB3 infection (7) . The possible pathogenic mechanisms of CVB3 include activation of caspase-3, phosphorylation and activation of extracellular signal-regulated kinase (ERK)1/2, activation of protein kinase B/Akt (PKB/Akt) and severe endoplasmic reticulum (ER) stress (8) (9) (10) (11) .
Autophagy is a significant cellular catabolic process in which long-lived proteins and damaged organelles are degraded in lysosomes. Autophagy is a tightly regulated process and defects in autophagy are associated with many human diseases, including cancer, myopathy and neurodegeneration (12, 13) . Autophagy has also been implicated in the clearance of pathogens and antigen presentation (14) (15) (16) . In recent years, mounting evidence indicates that autophagy is involved in the process of CVB3-related The PI3K/Akt/mTOR pathway is involved in CVB3-induced autophagy of HeLa cells VMC (17, 18) . CVB3 induces the formation of double-membrane vesicles (autophagosomes) and the conversion of non-modified microtubule-associated protein light chain 3 (LC3)-I to lipidated LC3-Ⅱ elevated in vitro (19) (20) (21) . In a model of 3-week-old BALB/c mice with CVB3 infection, electron microscopic observation showed that autophagosome-like vesicles were induced in the cardiac myocytes of mice at 3, 5, and 7 days after CVB3 infection. LC3-I and LC3-Ⅱ were also significantly increased in the myocardium and the cardiac myocytes extracted from the ventricles of mice infected with CVB3. Moreover, viral protein synthesis was significantly decreased in primary cardiac myocytes following treatment with 3-methyladenine, an inhibitor of autophagy (20) . CVB3 may exploit the autophagic response to promote viral replication (22) via inhibiting the fusion of autophagosomes with lysosomes to provide sufficient membrane structures for viral RNA replication (23, 24) . Mammalian target of rapamycin (mTOR) is described as a key homeostatic regulator of cell growth, proliferation, and survival as well as metabolism by upregulating protein, lipid synthesis and inhibiting excessive autophagy. mTOR is closely related with autophagy induced by viral infection. Sindbis virus and avian influenza viruses can induce autophagy by suppressing mTOR signaling (25, 26) . Vesicular stomatitis virus induces autophagy by regulating the phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway (27) , and hepatitis C virus induces autophagy by inactivating the Akt/ TSC/mTOR pathway based on ER stress (28) . Avibirnavirus VP2 can induce autophagy through Akt/mTOR pathway inactivation mediated by the HSP90AA1-VP2 complex (29) . The function of mTOR is primarily mediated by mTOR complex 1 (mTORC1) and mTORC2. The initiation of autophagy requires the Unc-51-like kinase (ULK) complex and is ultimately regulated by mTORC1. Under fed conditions, the ULK complex is bound to mTORC1, whereas nutrient depletion results in dissociation of the ULK complex from mTORC1. In the unbound state, the ULK complex induces autophagy (30) . Recent studies have also established mTORC2 as an independent positive regulator of autophagy (31, 32) .
Although the number of autophagosomes increases after CVB3 infection, the exact mechanism is unclear. Earlier studies suggested that CVB3 may directly or indirectly induce autophagy via the AMPK/MEK/ERK and Ras/Raf/MEK/ERK signaling pathways in host cells (20, 33) . In mammalian cells, the PI3K/Akt/mTOR signaling pathway is the primary pathway that regulates autophagy when cells are exposed to certain conditions, such as starvation, oxidative stress, infection and tumor suppression (34) . Our previous study demonstrated that the PI3K/Akt/mTOR signaling pathway is associated with apoptosis in CVB3-infected cells (8, 35, 36) . Whether the PI3K/Akt/mTOR signaling pathway is involved in the process of autophagy in CVB3-infected cells is unknown. The present study seeks to examine whether the PI3K/Akt/mTOR signaling pathway participates in the autophagic process after CVB3 infection in HeLa cells.
Materials and methods
Antibodies and chemical reagents. Polyclonal antibody against LC3-I/Ⅱ (Sigma-Aldrich, St. Louis, MO, USA), antibody against β-actin and SQSTM1 rabbit polyclonal antibody/p62 (both from ProteinTech Group, Inc., Chicago, IL, USA) were used at a dilution of 1:1,000. Monoclonal anti-enterovirus antibody (Dako, Carpinteria, CA, USA) was used at a dilution of 1:100. Goat anti-mouse IgG horseradish peroxidase-conjugated secondary antibody and goat anti-rabbit IgG horseradish peroxidase-conjugated secondary antibody (both from CWBIO, Beijing, China) were used at a dilution of 1:2,000. Rapamycin, ZSTK474, MK2206, and chloroquine phosphate were purchased from Selleck Chemicals (Houston, TX, USA).
Cell culture and virus propagation. HeLa cells were obtained from the Institute of Oncology, Central South University, China. The stably transfected cell lines containing the plasmid pcDNA3.1-myc-HisA(-)-Akt1 or the empty vector alone were previously established by our team (35) and kept in our laboratory. Cells were grown in Dulbecco's modified Eagle's medium (DMEM; Hyclone/GE Healthcare Life Sciences, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS) and penicillin-streptomycin (both from Gibco Life Technologies, Carlsbad, CA, USA), and incubated at 37˚C in a humidified incubator with 5% CO 2 . CVB3 Nancy strain was obtained from the Shanghai Jiao Tong University School of Medicine and stored at -80˚C in our laboratory. CVB3 was propagated in HeLa cells in DMEM supplemented with 2% FBS, and the virus titer was routinely determined by plaque assay. Immunofluorescence assay. HeLa cells transfected with plasmid pEGFP-LC3 or pEGFP-C3 were seeded on cover glasses and exposed to CVB3 or not. Cells were washed thrice with cold PBS. The different groups were fixed in 4% paraformaldehyde for 10 min at room temperature, permeabilized and then blocked with 5% bovine serum albumin in 0.3% Triton X-100 (diluted in PBS) for 2 h. The samples were incubated with anti-lysosomal-associated membrane protein 1 (LAMP-1) (1:100) overnight at 4˚C and then washed thrice with 0.3% Triton X-100 (diluted with dei onized water) and incubated for 60 min with HRP-conjugated goat anti-mouse IgG. After three washes, the cells were stained with DAPI (1:1,000) for 5 min and washed again. Afterwards, cover slips were mounted onto glass microscopic slides, and the samples were observed under an Olympus microscope equipped with a MetaMorph image acquisition system (DP2-BSW software) (both from Olympus Corp., Tokyo, Japan).
Western blot analysis. HeLa cells exposed to various conditions were washed twice with ice-cold PBS and then lysed with RIPA lysis buffer (CWBIO) containing 0.1% phenylmethylsulfonyl fluoride (PMSF; CWBIO). Afterwards, the lysates were sonicated and centrifuged at 13,000 rpm for 15 min at 4˚C. The samples were subsequently boiled and denatured. The protein concentration was determined by the Enhanced BCA protein Assay kit (Beyotime Institute of Biotechnology, Shanghai, China). Briefly, 30 µg of cell protein samples was subjected to 10-12% SDS polyacrylamide gel electrophoresis and transferred to 0.45-mm PVDF membranes (EMD Millipore, Billerica, MA, USA). After blocking with 5% non-fat milk for 3 h (room temperature), the membranes were incubated with the primary antibody at 4˚C overnight. After washing with PBST thrice, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (CWBIO) for 60 min followed by washing. Finally, protein bands were detected with X-ray film, and protein expression was quantitated by densitometric analysis using NIH Image J. ] cannot be categorized solely on the basis of LAMP-1 expression, as they may be endosomes, lysosomes, or autolysosomes.
Transmission electron microscopy (TEM).
For ultrastructural analysis, HeLa cells were mock infected or infected with CVB3 at MOI of 10 for 1 h. Cells were collected at 24 hours post-inoculation (h.p.i.) and centrifuged at 1,200 rpm for 10 min at room temperature. Cells were then fixed in 2.5% glutaraldehyde in PBS for 10 min at room temperature. Following three washes in PBS, the cells were post-fixed in 2% osmium tetroxide for 2 h. Then, the cells were dehydrated in a graded series of acetone washes successively. Then, the cells were soaked in epoxy resin mixed with an equal volume of pure acetone and embedded in Eponate 12 resin for 24 h. Finally, the dyed slices were observed, and images were obtained via TEM (Hitachi H-7500; Hitachi, Ltd., Tokyo, Japan). Approximately 15 cells were counted. The number of double-membrane vesicles for each cell was examined. Autophagosomes were defined as double-membrane vacuoles measuring 0.2-0.5 µm.
Semi-quantitative PCR. HeLa cells either untreated or treated with different inhibitors were harvested at 24 h.p.i. mRNA was extracted following the method of the RNA extraction kit (Omega Bio-Tek, Inc., Norcross, GA, USA). Next, mRNA was reverse transcribed into cDNA following the RevertAid First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Waltham, MA, USA). Finally, PCR amplification was performed. The primer sequences and PCR conditions are provided in Tables I and Ⅱ [refer to Li et al (36) ].
Drug treatment. To identify the autophagic response in HeLa cells infected by CVB3, rapamycin (100 mM dissolved in DMEM containing 10% FBS) served as a positive control and 24 h later, the cells were harvested for western blot analysis. Chloroquine phosphate (inhibition of lysosome function, 40 µM) was used to assess autophagic flux caused by CVB3 infection, and rapamycin (10 nM dissolved in DMEM containing 10% FBS) was used to inhibit the function of mTOR; 2 h later, the cells were washed thrice and infected with CVB3. ZSTK474 (50 µM ) was used at a concentration of 50 µM to inhibit PI3K and 2 h later, the cells were washed thrice and infected or not with CVB3. To suppress the overexpression of Akt1, MK2206 (inhibitor of Akt, 50 µM, dissolved in DMEM containing 10% FBS) was used to pre-treat the pcDNA3.1-myc-HisA(-)-Akt1-HeLa cells. After 2 h, the cells were infected and harvested at 24 h.p.i. for western blot analysis.
Statistical analysis. Two-way analysis of variance with multiple comparisons and paired Student's t-tests were performed. Data are presented as the means ± standard error (SE). A value of P<0.05 was considered to indicate a statistically significant difference. 
Results

CVB3 induces an autophagic response at different times during CVB3 infection in HeLa cells.
During the process of autophagosome formation, the conversion of cytosolic LC3-I into the lipidated form LC3-Ⅱ is pivotal. Thus, the processing from LC3-I to LC3-Ⅱ represents the appearance of autophagosomes or autophagic response. The membrane-bound form of LC3 (LC3-Ⅱ) is considered as the most appropriate marker of autophagosomes in mammalian cells. The protein p62 is considered as a marker for autophagy-mediated protein degradation or autophagic flux (37) 
Confirmation of autophagy activation in HeLa cells at 24 h.p.i.
Given that LC3 and p-mTOR was altered during CVB3 infection, to further characterize the effects of the mTOR pathway during CVB3 infection, we selected 24 h.p.i. as our research time point to conduct our next study. Primarily, we identified the autophagic response in HeLa cells infected by CVB3. We determined the activation of autophagy using three criteria. First, we analyzed the lipi- dated form of the microtubule-associated protein 1 LC3 in the CVB3-infected HeLa cells and mock-infected cells, and rapamycin (100 µM) served as a positive control (Fig. 2) . The results revealed that the total amount of LC3 (LC3-I, LC3-Ⅱ) and the ratio of LC3-Ⅱ/LC3-I were markedly increased in the infected cells at 24 h.p.i. compared with the mock-infected cells (p<0.05). The expression of p-mTOR was decreased (p<0.05). Second, we found that double-membrane autophagosomes, which are prominent features of autophagy (Fig. 3) , were increased in the CVB3-infected HeLa cells. Finally, we observed that LC3 puncta formation was increased following CVB3 infection (Fig. 4) . We counted 50 transduced cells/ well for quantification of cells with high levels of GFP-LC3 autophagosome vacuoles, with 3 wells/group (represented as the mean ± SEM). Quantification of >30 punctate/cell was defined as a high level of GFP-LC3 autophagosome vacuoles. We observed a statistically significant increase in LC3 puncta formation within the infected pEGFP-LC3-HeLa cells at 24 h.p.i. compared with that in the mock-infected HeLa cells or the CVB3-infected pEGFP-C3-HeLa cells (Fig. 5 , ) cannot be categorized solely on the basis of LAMP-1 expression, as they may be endosomes, lysosomes, or autolysosomes (pEGFP-LC3-Ⅱ is degraded in autolysosomes), In addition, GFP fluorescence is quenched in an acidic environment (38) . In our research, we observed yellow dots, which suggested the co-localization of GFP-LC3 and LAMP-1 (Fig. 6) .
Our findings revealed that CVB3 triggered auto phagic response in HeLa cells, in accordance with previous studies (19, 20) .
Rapamycin aggravates the autophagic reaction induced by CVB3 infection.
To further elucidate the impact of mTOR during the course of CVB3 infection, HeLa cells were treated with rapamycin (10 nM dissolved in DMEM containing 10% FBS) for 2 h. Then, the cells were washed thrice and infected with CVB3 (rapamycin group). In the CVB3 group, HeLa cells were incubated with DMEM containing 10% FBS for 2 h and then infected with CVB3. The control group was incubated with DMEM containing 10% FBS. Two hours later, the medium was refreshed with DMEM containing 2% FBS. At 24 h.p.i., the cells were collected for western blot analysis (Fig. 7) . The LC3-Ⅱ/LC3-I ratio was increased in the CVB3 group and the rapamycin group (p<0.01), and p-mTOR was decreased in the CVB3 group (p<0.05) and rapamycin group (p<0.01), compared with the control group. When comparing the virus-infected condition with the rapamycin + virus-infected condition, we found that pre-treatment of the cells with rapamycin aggravated the autophagy induced by CVB3 infection (p<0.05). Furthermore, we used chloroquine phosphate (inhibition of lysosome function, 40 µM, 2 h before infection) to assess autophagic flux caused by CVB3 infection (CQ group) and monitored p62. The LC3-Ⅱ/LC3-I ratio and p62 were increased more obviously in the CQ group compared with the CVB3 group (p<0.05).
ZSTK474 alleviates the autophagic response caused by CVB3 infection in HeLa cells.
To further elucidate whether PI3K is involved in CVB3-induced autophagy, we used ZSTK474, a novel PI3KC1 inhibitor, to assess the effects of PI3KC1 on autophagy during CVB3 infection. HeLa cells were pre-treated with ZSTK474 (50 µM, 2 h), and the cells were infected with CVB3 or not. Cell lysates were collected at 24 h.p.i. The expression levels of LC3 and phosphorylated Akt1 (p-Akt1) were determined by western blot anal- Figure 6 . Co-localization of GFP-LC3 and LAMP-1 in HeLa cells at 24 h.p.i. HeLa cells were transfected with the pEGFP-LC3 plasmid for 24 h followed by CVB3 infection. Twenty-four hours later, the transfected cells were stained with an antibody specific for the endosomal/lysosomal marker LAMP-1, and the co-localization of GFP-LC3 and LAMP-1 vesicles was examined by confocal microscopy. Single-color fluorescence images of pEGFP-LC3 and LAMP-1 are presented in the 1st and 2nd columns, and a merged view of these two proteins is shown in the 3rd column. A yellow signal signifies co-localization of pEGFP-LC3 and LAMP-1. LC3, light chain 3; LAMP-1, lysosomal-associated membrane protein 1; h.p.i., hours post-inoculation; CVB3, coxsackievirus B3. Figure 7 . Rapamycin aggravates the autophagic reaction induced by CVB3 infection. HeLa cells were treated with 10 nM rapamycin and chloroquine phosphate (CQ group) for 2 h. The cells were washed thrice and infected with CVB3. In the CVB3 group, HeLa cells were incubated with DMEM containing 10% FBS for 2 h and infected with CVB3. The sham group was incubated with DMEM containing 10% FBS. Two hours later, the medium was refreshed with DMEM containing 2% FBS. At 24 h.p.i., cells were collected for western blot analysis. The LC3-Ⅱ/LC3-I ratio was increased in the CVB3 and rapamycin group (p<0.01), and p-mTOR was decreased in the CVB3 group (p<0.05) and rapamycin group (p<0.01) compared with the sham group. The changes in the LC3-Ⅱ/LC3-I ratio and p-mTOR were more obvious in the Rap group compared with the CVB3 group (p<0.05). The LC3-Ⅱ/LC3-I ratio and p62 was increased in the CQ group compared with the CVB3 group (p<0.05).
* p<0.05, compared with the sham group; ** p<0.01, compared with the sham group; # p<0.05, compared with the CVB3 group. CVB3, coxsackievirus B3; DMEM, Dulbecco's modified Eagle's medium; FBS, fetal bovine serum; h.p.i., hours post-inoculation; LC3, light chain 3; mTOR, mammalian target of rapamycin. ysis (Fig. 8) . The results showed that p-Akt1 was decreased in the CVB3 infection group (p<0.05) and the ZSTK474 treatment group (p<0.01) accompanied by a significant increase in the LC3-Ⅱ/LC3-I ratio (p<0.01). The LC3-Ⅱ/LC3-I ratio in the CVB3-infected + ZSTK474 group was reduced compared with that in the CVB3-infected group (p<0.05).
Rapamycin and ZSTK474 affect viral replication.
To further characterize the change in viral replication when this pathway was blocked, HeLa cells pre-treated with rapamycin (10 nM) and ZSTK474 (50 µM) were infected with CVB3, and we examined mRNA (Fig. 9A ) and viral capsid protein VP1 (Fig. 9B) by semi-quantitative PCR and western blot analysis, respectively. ZSTK474 inhibited viral mRNA synthesis and blocked viral protein VP1 expression caused by CVB3 infection (p<0.01), whereas rapamycin stimulated viral mRNA synthesis (p<0.01). However, the viral protein VP1 did not mirror the mRNA changes in the rapamycin group.
Inhibition of Akt1 aggravates the autophagic response caused by CVB3 infection in Akt1-overexpressing cells.
To clarify whether the changes in Akt1 affect the autophagic reaction in CVB3-induced autophagy, we examined the autophagy activation in cell lines containing the plasmid pcDNA3.1-myc-HisA(-)-Akt1 or the empty vector alone. The establishment of stable cell lines overexpressing Akt1 was described in our previous study (35) . The cell lines overexpressing Akt1 or the containing empty vector alone were infected with CVB3. The cells were collected for western blot analysis at 24 h.p.i. To suppress the overexpression of Akt1, we used MK2206 (inhibitor of Akt, 50 µM, dissolved in DMEM containing 10% FBS) to pre-treat the pcDNA3.1-myc-HisA(-)-Akt1-HeLa cells. Two hours later, the cells were infected and harvested at 24 h.p.i. LC3 and p-Akt1 were determined by western blot analysis (Fig. 10) , with mock-infected cells serving as the sham control. In the Akt1-overexpressing cell line, CVB3 infection increased the LC3-Ⅱ/LC3-I ratio (p<0.05). Moreover, the LC3-Ⅱ/LC3-I ratio increased to greater levels when the infected cells were pre-treated with MK2206. In addition, under uninfected conditions, the LC3-Ⅱ/LC3-I ratio was higher in the empty vector cells compared with that in the Akt1-overexpressing cells (p<0.05).
Discussion
Autophagy is a significant cellular catabolic process in which long-lived proteins and damaged organelles are degraded in lysosomes. Autophagy also serves as an important function in innate host defense by eliminating intracellular pathogens (39, 40) . Autophagy begins with the generation of phagophores, which elongate and self-fuse to form double-membrane vesicles, known as autophagosomes (41) . The formation of phagophores and autophagosomes is meditated by autophagy-related genes (ATGs). Microtubule-associated protein LC3, the mammalian homolog of yeast ATG8, is one well-studied marker of the presence of autophagic membranes (42) . LC3-I localizes to the cytoplasm when autophagy occurs. LC3-I is conjugated with phosphatidylethanolamine (PE) to form lipidated LC3-PE, also known as LC3-Ⅱ. The p62 protein interacts with LC3-Ⅱ to target cargo to the autophagosomes for degradation. Autophagosomes fuse with endosomes to generate amphisomes, which obtain vacuolar-ATPase and become acidic. Subsequently, amphisomes fuse with incoming lysosomes to form autolysosomes. The cargo in the lumina of autolysosomes is then degraded by lysosomal proteases. The p62 protein can also be used to indicate the level of autophagic flux, as this protein is degraded along with LC3-Ⅱ during complete autophagy (43, 44) . However, during CVB3 infection, viral protease 2A pro can also account for p62 cleavage (45) . CVB3 infection induces autophagic reactions in vivo and in vitro, but the exact mechanism is unclear. The PI3K/Akt/mTOR pathway plays a vital role in the regulation of autophagy (46) . Class I PI3K is the traditional upstream activator of mTOR. As the major upstream modulator, the PI3K pathway regulates autophagy by phosphorylating Akt. Activation of Akt activates mTORC1 by phosphorylation of tuberous sclerosis complex (TSC)2, causing the inhibition of the GTPase-activating protein (GAP) domain of TSC2 leading to the activation of mTORC1 and inhibition of autophagy (47) .
Our research demonstrated that CVB3 induces autophagosome formation in HeLa cells, including an increase in the LC3-Ⅱ/LC3-I ratio, LC3 punctate dot formation as demonstrated by immunofluorescence and autophagosome-like vesicle formation as detected via TEM. These data suggested a successful induction of autophagy caused by CVB3. Previous in vitro studies suggested that CVB3 could inhibit the degradation of virus-induced autophagosomes by blocking their fusion with lysosomes (48) . In our time point experiment of CVB3 infection, autophagy was rapidly activated after viral infection and reached its peak at 5 h.p.i. accompanied by an obvious decrease of p62. Then, p62 increased as the time of infection increased. We did not detect an obvious expression of VP1 until 7 h.p.i. We then hypothesized that autophagy may play a protective role at the beginning of virus infection given that activated autophagy was accompanied by a degradation in p62. This may explain why we were unable to detect VP1 until 7 h.p.i. Then, the increase in autophagosomes affected the function of lysosomes, resulting in accumulation of autophagosomes, as demonstrated by the increase in p62. However, we did not observe a continuous increase in p62 as the infected time increased, which is inconsistent with previous findings (21) . We believe that different cell types and different infection times accounted for this discrepancy. Moreover, during CVB3 infection, viral protease 2A pro is responsible for p62 cleavage (45) . Thus, p62 expression in the present study may not accurately represent the level of p62 caused directly by CVB3 infection. Our findings simply imply a correlation between autophagy caused by CVB3 infection and protein degradation, and the details require further study.
The autophagic process may be subverted by viruses to provide a surface for RNA replication as the time of infection increases. At 24 h.p.i., modulation of the autophagic pathway (using rapamycin or ZSTK474) to enhance or reduce autophagy resulted in an increase and a decrease in CVB3 mRNA replication, respectively. It appears that the virus can subvert components of the autophagic machinery for their own benefit. To our surprise, the increased autophagy caused by rapamycin did not increase VP1 expression. We hypothesized that the inactivation of mTORC1 by rapamycin would inhibit cap-dependent mRNA translation. We observed a co-localization of LC3-positive puncta with LAMP-1 by confocal microscopy at 24 h.p.i., suggesting that CVB3 infection may induce autophagosomes to fuse with lysosomes/endosomes to form autolysosomes/amphisomes. Autophagosomes primarily fuse with lysosomes during CVB3 infection, excluding a small proportion of the autophagosomes that fuse with endosomes to form amphisomes (49) . We inhibited lysosome function using chloroquine phosphate and monitored the levels of p62 and LC3 protein. After blockade of lysosome function, the LC3-Ⅱ/LC3-I ratio and p62 protein levels increased significantly. These data revealed that at 24 h.p.i., autophagy may partly retain the function of promoting protein degradation (VP1) by lysosomes. Hence, the high expression of CVB3 mRNA did not contribute to the VP1 synthesis in cells treated with rapamycin.
In our research, we found that p-mTOR was altered during the first 3 h and did not keep pace with the change in LC3. The MEK/ERK pathway and the PI3K/Akt pathway cross-inhibit each other (50) . Xin et al claimed that CVB3-induced autophagosome accumulation occurs via the ERK pathway (33) . We hypothesized that autophagy caused by CVB3 infection was an outcome of multiple factors, including activation or inactivation of multiple signaling pathways. The balance or crosstalk among them may account for the difference. p-mTOR and p-Akt1 decreased at 24 h.p.i., and pre-treatment of virus-infected cells with ZSTK474 alleviated the LC3-Ⅱ/LC3-I ratio caused by CVB3 infection. Inhibition of mTOR and Akt1 with rapamycin or MK2206 before virus infection promoted autophagy induced by CVB3 infection. We hypothesized that the incomplete blockade may explain this result. Additionally, rapamycin may have aggravated CVB3 mRNA replication in our study. Does the increased virus replication subsequently prompt autophagy? This question warrants further study. In addition, we found a significant phenomenon under uninfected conditions; the LC3-Ⅱ/LC3-I ratio was increased in Akt1-overexpressing cells when compared with that in the empty vector cells. This finding suggests that the overexpression of Akt1 may inhibit basal autophagy in HeLa cells. Our previous research demonstrated that Akt1 overexpression promotes CVB3-induced apoptosis in HeLa cells, thus Akt1 overexpression may activate the crosstalk of autophagy and apoptosis, change the cell status or activate other signaling pathways during viral infection, thus explaining the differences between the two cell lines.
In summary, our study demonstrated that HeLa cells respond to CVB3 infection by increasing LC3 expression and autophagosome formation in vitro. We demonstrated that the inhibition of the PI3K/Akt/mTOR signaling pathway could affect the autophagic reaction induced by CVB3 infection, resulting in changes in viral infection. These findings may provide a better understanding of VMC pathogenesis.
